Ear densitographic ejection times (EDET) and first derivative ear densitogram ejection times (dEDET) were studied to determine whether their reliability and validity justify their substitution for ejection times derived from the far less stable carotid pulse tracing. Inter-and intra-subject comparisons were made on thirty individuals under a wide variety of disease and challenge states. Statistical analysis of the data-which had been obtained through a blinded procedure-showed an overall correlation (r) of .98 for carotid vs EDET and .99 for carotid vs dEDET. The t-test demonstrated no significant differences among ejection times derived from the three methods. Moreover, the close tracking at rest and during challenges of ejection times derived from these curves with those from the carotid indicate that either method may be substituted for standard carotid curves without sacrificing reliability or validity of the measure. Both ear curves offer distinct advantages over carotid pulse curves because their sensor is self-retaining and they remain stable during exercise and other body and respiratory movements. The additional feature of simplicity in reading the first derivative of the ear densitogram over its undifferentiated curve makes dEDET the preferred method.
SUMMARY
Ear densitographic ejection times (EDET) and first derivative ear densitogram ejection times (dEDET) were studied to determine whether their reliability and validity justify their substitution for ejection times derived from the far less stable carotid pulse tracing. Inter-and intra-subject comparisons were made on thirty individuals under a wide variety of disease and challenge states. Statistical analysis of the data-which had been obtained through a blinded procedure-showed an overall correlation (r) of .98 for carotid vs EDET and .99 for carotid vs dEDET. The t-test demonstrated no significant differences among ejection times derived from the three methods. Moreover, the close tracking at rest and during challenges of ejection times derived from these curves with those from the carotid indicate that either method may be substituted for standard carotid curves without sacrificing reliability or validity of the measure. Both ear curves offer distinct advantages over carotid pulse curves because their sensor is self-retaining and they remain stable during exercise and other body and respiratory movements. The additional feature of simplicity in reading the first derivative of the ear densitogram over its undifferentiated curve makes dEDET the preferred method.
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Ear densitography Left ventricular ejection time Carotid pulse curve Ear densitogram DETERMINATION of left ventricular ejection time (LVET) is often valuable when evaluating systolic performance of the heart. The reliability of carotid arterial displacement curves for measuring left ventricular ejection time has been well documented.' 2 Practical application of this technique, however, has been difficult under a variety of circumstances. Exercise data from this laboratory obtained during upright bicycle ergometry3 demonstrate that carotid pulse curves can be recorded during exercise despite baseline instability and extraneous motion artifacts. However, obtaining satisfactory curves requires great care and many tracings may be difficult to read. Obesity, highly developed sternomastoid muscle, tracheostomy, heavy breathing, pronounced swallowing and challenges such as postural changes and isometric exercise are additional examples of conditions which often lead to unsatisfactory carotid displacement curves. In an effort to avoid these problems, densitographic curves were used to measure LVET.4 Results from these studies showed high correlation coefficients between left ventricular ejection times derived from carotid and ear densitographic curves for 24 subjects at rest and two subjects undergoing bicycle ergometry. The ear densitogram offered the increased advantage of baseline stability and freedom from extraneous motion artifacts during exercise.
The purpose of this investigation was to assess the versatility and the performance of the ear densitograph in producing accurate ejection times both in static conditions and under a wide variety of challenges. Because the densitograph yields a damped wave form, ejection time measurements require the slope extrapolation method.5 Our continued use of the ear densitogram, however, revealed that determination of the exact segments of the curve on which to draw the lines for extrapolation may be difficult. Since the slope extrapolation technique actually involves the rate of 239 change of pulse wave inscription with respect to time, we also decided to study the first derivative of the ear densitogram to determine whether that curve offered a better means for obtaining left ventricular ejection time than does the extrapolation technique on the densitogram. Series I. The first series of data were collected on twenty subjects; 15 males and five females. They ranged in age from 23 to 78 years with a mean age of 48 years. Ten of the subjects had no known heart disease. The other ten included the following cases: coronary heart disease (6), cardiomyopathy (2), arotic stenosis (1), and aortic insufficiency (1).
Series II. The second series of data were obtained from a 47-year-old male with atrial fibrillation in whom there was a beat-to-beat fluctuation in ejection time. Series III. The third series of data included two repeated measures in each of nine subjects in both a control and a physiologically challenged state: Two subjects were recorded during supine rest followed by head-up tilt. One subject was recorded at rest in sitting position and again after a two minute intravenous injection of isoproterenol. One subject was recorded before and during maximum isometric hand exercise in sitting position while another subject was similarly studied except that his exercise was performed at 50% :Ut I r, Application of the ear piece. Here the right side contains the light bulb while the photoconductive cell is on the left. The black portion seen on the right side is notched to provide adjustability. Head bands must be used to secure the ear piece during upright postures but may be eliminated when subjects are supine (Photo from CHIRIFE R, SPODICK DH: Demsitography: A new method for evaluation of cardiac performance at rest and during exercise. Am Heart J 83: 493, 1972).
Circulation, Volume XLVIII, August 1973 maximum voluntary isometric contraction. One subject was recorded before and during upright bicycle ergometry at a physiologically paced heart rate of 150 beats/min. One subject was recorded during bicycle ergometry at 50 and 150 watts. Two subjects were studied in order to evaluate changes of position: one was first recorded sitting and again standing, while the second was recorded standing then immediately after assuming a prompt squat.
Measurements
Left ventricular ejection times from each of the three curves were determined blindly by the following procedure. Timing of upstrokes and incisuras from the Q wave of the electrocardiogram were read separately to the nearest 5 msec for carotid tracings without knowledge of the corresponding values of the simultaneously recorded ear densitogram or its first derivative. The upstroke on the carotid tracing was measured at the point of change from thick to thin. The ear densitogram and its first derivative were also read to the same precision without knowledge of values from the other curves. The mean values of the times to upstrokes and incisuras were then determined in 5 beats in each curve, for each subject. The difference between the mean upstroke and incisura times (Q-> in -Q-> u) was the ejection period used. Thus, bias toward obtaining similar ejection times from all curves for a given subject should have been eliminated. Figure 1 shows that the ear densitogram is far more damped than the carotid. In an earlier publication on digital plethysmography5 we validated a method for measuring damped pulse curves, which also applies to the densitogram.4 This requires extrapolation of the rapid portion of the upstroke and the most rapid descent preceding the dicrotic wave in order to achieve points comparable to the upstroke and incisura on the carotid. These points are identified at the exact location where the line of extrapolation drawn along the inner border diverges from the pulse curve. The difference between Q to each of these points was the method used to determine ear densitographic ejection time (EDET). A satisfactory method for determining left ventricular ejection time from the first derivative of the ear densitogram was unknown at the onset of this study. Careful examination of the first derivative often shows a slow initial upstroke ( fig. 3A ) followed by a more rapid change from thick to thin ( fig. 3B ). Preliminary measurements of LVET were made using both of these points as equivalents to the upstroke with the nadir of the negative peak as the end point. Figure 3A shows that values based on the initial upstroke of the first derivative overestimated the ejection time compared to the values obtained by carotid curves. When plotted against carotid ejection times in figure 3B , the regression line for values obtained by measuring the change from thick to thin comes closer to passing through the origin. Hence, the rapid change from thick to thin on the upstroke and the nadir were employed as the landmarks for the LVET measurement from the dDEN/dt (dEDET). subjects. Figure 4 illustrates tween ear densitographic and c There is a high correlation coef slope is 1.07 with an intercept difference between the means is 10.1 msec. Analysis by the t-test indicates no statistically significant difference (P> .2) between the means. Figure 5 Mean SD SE illustrates ejection times determined from the 287 250.7 28.31 6.72 2. Figure 6A illustrates the correlation between ear densitographic and carotid-derived ejection times. 244.6 47.69 6.26
The correlation coefficient is +.95 with a slope of 243.7 48.43 6.34 .98 and an intercept at .61 msec. (r = .95; y .61 +.98x). The difference between the means ,nsitogram; dEDET = is 4.8 msec with P> .5. Figure 6B is the sequel to 6A except that first derivative ejection times are the comparison benow plotted along the ordinate. The correlation arotid ejection times. coefficient for this data is +.97 (y = -2.13 + lx). ficient, r = +.97. The
The difference between the means is 1.5 msec at -29.22 msec. The (P> .8). Abbreviations: r = correlation coefficients; b = slopes; a = intercepts; t = t-test results. Circulation, 
Figure 4
Correlation between carotid and ear densitographic ejection times in subjects with and without heart disease. Tables 1 and 2 show the data for the nine challenged subjects (Series III) with the control and challenge state combined and for the challenge state analyzed separately. Figure 7A Correlation between carotid and first derivative of the ear densitogram ejection times in subjects with and without heart disease.
Ciculation, Volume XLVIII, August 1973 control and challenges for the ear densitograph compared with carotid ejection times (r = .97; y = -22+ .93x). The difference between these means is 5.3 msec (P > .5). Table 2 shows the analysis of the data when ejection times during challenges are compared separately. The correlation cofficient is the same (r = +.97) as when control values were included with challenge values in the data analysis. Again, the difference of 7.8 msec between the means from the challenge states was not statistically significant. Figure 7B illustrates the correlation between dEDET and carotid derived ejection times during both control and challenge states (r = .99; y = 8.6 + .97x). The difference between these means is .2 msec (P>.8). Table 2 summarizes these data when control ejection times are eliminated from the analysis. Again, there was no change in the correlation coefficient in that r still equalled +.99 with no statistically significant difference between the means. The last sections of tables 1 and 2 show the overall summary of the statistical analysis-combination of all ejection times from the three series of data. When ear densitographic ejection times are compared with those of the carotid, r = + .98, (y = 3.11 +.97x). The difference between the means is 3.5 msec (P >.5). When (dDEN/dt) ejection times are compared to carotids, r = + .99 (y = 2.79 + 1.Olx). The difference between these means is .9 msec (P > .8).
It should be noted that ejection times from carotid tracings were the only points of reference used to evaluate ejection times derived from the ear densitogram and its first derivative. While extensive studies have demonstrated that carotid ejection times faithfully reproduce aortic ejection times1' 2 additional research is presently in progress which compares direct measures to those from the ear densitogram and its first derivative.
Discussion
Heterogeneity of subjects and a wide variety of challenge states were intentional features of the protocol so as to obtain a large range of ejection times. Clinical heterogeneity of subjects combined with the many different challenges also offered a wide range of curve configurations-a necessary feature if the versatility and precision of the new method of ear densitography and its first derivative were to be established. Results from this study clearly indicate the versatility of the ear densitogram and its first derivative which seem to have unlimited application in obtaining ejection times. Furthermore, application of the ear piece is a very simple procedure and once applied, does not require an investigator to hold it in place as does the carotid pick-up in so many instances. Moreover, the technique of application of the densitograph pick-up is invariable, yielding strictly comparable curves in the same subject. The ear piece is light and need only be firmly but not uncomfortably positioned. Its application has been uniformly accepted by our subjects.
This investigation demonstrated that ejection times derived from the ear densitogram and its first derivative (EDET and dEDET) yield very high correlations with carotid ejection times under a wide variety of disease and challenge states. Furthermore, no statistically significant difference can be demonstrated between mean] values from the two ear densitographic methods compared to carotid mean values. Series I, which did not include any repeated measures on the same subject, had an intercept less than zero for both ear densitographic methods. Thus, an ejection time derived from the ear piece on a subject in the supine position would tend to differ numerically (though not statistically) from those values determined from the carotid (mean differences of -10. 2 Since, in practice, the absolute differences between methods are small and, as demonstrated, statisti- Carves recorded during bicycle ergometry. Tracing demon-Polygraph from patient with severe aortic stenosis in which strates carotid instability as compared to the ear densitogram ear densitogram is markedly damped. Ejection time obtainand its even more stable first derivative. Slow paper speed able by extrapolation technique, but more readily measured here (25 mm/sec) is used to include more beats for illustrafrom points of derivative cturve (dDEN/dt). Note arrows in tive purposes. last complex.
Circulation, Volume XLVIII, August 1973 cally not significant, the need to make the above "corrections" are probably most important when inter-subject comparisons are made where carotid ejection times have been the standard.
The overall analysis of the data demonstrated that the ejection times from the first derivative curve had a tendency to correlate more closely, had a slope value nearer to one, an intercept closer to zero and mean values closer to the carotid ejection times than did ejection times from the ear densitogram itself. This represents an observational trend, not a statistically significant event. It should be emphasized, however, that the extrapolation technique necessary for reading the damped ear densitographic curve, especially in such cases as illustrated in figure 9 , is far more difficult than the identification of points of change on its first derivative. This factor probably accounts for the slightly poorer results from the undifferentiated curves. Since a statistically sound foundation has now been demonstrated it appears better from a practical standpoint to use the first derivative of the ear densitogram to measure ejection times rather than the ear densitogram itself. Thus the results of this study indicate that the first derivative of the ear densitogram is indeed a very practical and versatile method and can be employed as an ideal substitute for the carotid pulse curve without sacrificing validity or reliability of the derived ejection times.
